ABSTRACT: Studies involving the use of microalgae are increasingly intensifying for the potential they present to produce biofuels, because they are a renewable energy source that does not compete directly with food production, and because they enable the obtaining of a fuel with less environmental impact when compared to fossil fuel. In this context, the use of microalgae is directly associated to its capacity to be produced on a large scale and to be extracted from the culture medium. Rheological studies are important for obtaining the information needed in the elaboration of projects and equipment that will be used in various operations existing in systems of production and extraction of algal biomass. In the evaluation of different levels of dry biomass concentration, studies have been conducted of the rheological behavior of cultures of Chlorella sp. BR001 and Scenedesmus sp. BR003. The Power Law model adjusted well to the data of shear stress as a function of strain rate. In all concentrations the cultures showed non-Newtonian behavior. It was observed to Scenedesmus sp. BR003 little effect of biomass concentration on the apparent viscosity and shear stress.
INTRODUCTION
Studies involving the use of microalgae for biofuels production have attracted the attention of researchers in various parts of the world, because it enables the acquisition of a renewable fuel, of low environmental impact, which does not compete with food production. (DERMIBAS, 2011) . Microalgae find applications in many other areas. They are grown to supply raw material for the sectors of aquaculture, food, cosmetics, and products with high added value, such as polyunsaturated fatty acids and pigments (GOUVEIA et al., 2007; FERREIRA et al., 2008; HARUN et al., 2010) . These microorganisms are also used in treatment systems of liquid effluent in order to increase the performance of oxidized material degradation, improve the balance of CO 2 , reduce the demand for oxygen in the aerobic treatment systems, remove heavy metals and more resistant toxic compounds such as phenol (GAO et al., 2011) .
MOLINA GRIMA et al. (2003) describe that the use of microalgae for the production of biofuels is directly related to their ability to be produced in large scale and its extraction from the culture medium. The economic viability of the insertion of biodiesel or any other byproduct from microalgae in an energy matrix depends on the reduction of costs of production and separation of the biomass. This may be achieved by increasing the productivity of biomass and oil, and optimizing the parameters from which the separation techniques are strongly dependent. In a case study on production of eicosapentaenoic acid (EPA) from the microalga P. tricornutum, MOLINA GRIMA et al. (2003) found that 40% of the cost is related to the production of biomass, and 60% to the processes of biomass extraction and recovery of the final product.
The rheological studies are important for obtaining data necessary for selection, sizing and design of equipment present in the various unit operations that compose the industrial processes, such as pumps, piping, mixers, aerators, extruders, homogenizers and heat exchangers, among other (STEFFE, 1996; BARNES, 2000) . Thus, the design of microalgae culture systems on a large scale, as well as the sizing of the equipment used in biomass extraction techniques and other accessories, must be preceded by the investigation of the rheological properties of the culture.
The cultures of microalgae are complex suspensions, consisting of a liquid phase that contains water, dispersed or colonies algal cells, polymers derived from biological organisms and dissolved salts (WILEMAN et al., 2012) . Thus, the cultivation of microalgae may present non-Newtonian behavior with pseudoplastic characteristics attributed mainly to the presence of extracellular polymeric substances (MICHELS et al., 2010; MISHRA et al., 2011) . Moreover, due to the significant increase in the amount of algal biomass during the cultivation period, it is verified that there is a change in the rheological behavior, presenting an increase in viscosity and even change in the class of fluid behavior at higher biomass concentrations (WILEMAN et al., 2012) .
The rheological behaviors of cultures of Chlorella sp. BR001 and Scenedesmus sp. BR003 were analyzed in different concentrations of dry biomass, with the goal of predicting changes of this behavior during the stages of production of biomass and providing data for the selection, sizing and design of equipment needed to develop a system of production of microalgal biomass.
MATERIAL AND METHODS

Crops and culture conditions
The strains of Chlorella sp. BR001 and Scenedesmus sp. BR003 microalgae belong to the strain bank of Petrobrás/UFV, which is maintained at the Laboratory of Phycology/Unit of Plant Growth (Federal University of Viçosa -UFV), located at Viçosa city, state of Minas Gerais (MG), Brazil. These strains were collected in the artificial pond of UFV, and, for the isolation, techniques of serial dilution, successive rifling on solid medium and washes with hypochlorite were used (LOURENÇO, 2007) .
The cultivations were conducted in two photobioreactors of "Airlift" type which consisted of Erlenmeyer flasks of 3L with an initial volume of culture medium of 2L, previously sterilized by autoclaving at 120°C. The cultures were performed using the BG11 medium with nitrogen (ANDERSEN, 2005) , and stirring was promoted by injection of compressed air using a compressor of 1492W. The air injection line had a gas cleaning system to remove oil particles and droplets from the compressor. The photobioreactors were installed inside a chamber with dimensions of 0.60m x 0.60m x 1.40m, using a light: dark photoperiod of 12:12 h and light intensity of 66 µmol s -1 , supplied by 4 tubular fluorescent lamps of 40W power each. The culture conditions were maintained for 20 days, because it was observed in previous experiments that, for these same cultivation and nutrition conditions, during this period, the growth of the biomass reaches the stationary phase. After this period, it was made the determination of biomass, density cultivation, and dilutions to reach the desired concentrations and to perform rheological tests.
Determination of dry biomass and preparation of suspensions for the rheological characterization
For the determination of dry biomass, it was removed from each photobioreactor three samples of 50ml, where, after the collection, we proceeded to its centrifugation, at 10,000g and 4ºC for 10 minutes to separate the biomass from the culture medium. After the first centrifugation, the supernatant culture medium was removed from the tubes and the wet biomass pellet was washed with deionized water to remove the salts. The biomass suspension in water was again centrifuged at 10,000g and 4ºC for 10 minutes. The supernatant was again removed, and the wet biomass pellet was placed in Petri dishes of average weight equal to 4.2731g and transferred to an oven with air circulation at 60°C. Periodically, the biomass was measured on an analytical balance with a precision of 0.0001g, until it provided constant mass. The concentration of dry biomass of cultures was calculated as:
In which:
The value of dry biomass was considered was equal to the average of three measurements, and suspensions used for rheological characterization were obtained by dilution of cultures, using the BG 11 medium as diluent.
Rheological characterization
The evaluation of the rheological behavior of the cultures was performed by testing with controlled strain rate and a constant temperature of 25°C. For this, it was used a German rotational rheometer, with a measurement system of coaxial cylinders of Searle type, indicated for the apparent viscosity ranges from 5x10 -4 to 2x10 3 Pa.s and able to apply strain rates in the range from 0.67 to 6,700s -1 . In measuring systems based on axial cylinders of Searle type, the inner cylinder rotates and the outer cylinder remains stationary. The test temperature was controlled by a thermostatic bath with internal and external circulation. Test data were transmitted in real time to a computer, where they could be viewed and stored. In this computer, through the software that integrates the equipment, the input of test control parameters was executed, such as temperature, strain rate to be applied, acquisition rate of data, total duration of the test, among other.
Tests were conducted to shear rates from 11 to 322s -1 , which are values representing different applications in the field of fluid mechanics of industrial interest, such as internal flow in pipes and ducts, stirring and mixture (STEFFE, 1996; BARNES, 2000) . During each test, the sample was subjected to a constant strain rate, defined as a function of the speed of rotation of the inner cylinder and the geometric characteristics of the measurement system. The torque applied to the inner cylinder was measured and converted to a value of shear stress at the interface software of the instrument. In each test, we used 30ml of the suspensions prepared from the compacted biomass. Aiming to a better comparison of the effect of biomass concentration on the rheological behavior of the suspensions, the BG11 medium with pure nitrogen was also evaluated. All measurements were made with three replicates and the arithmetic averages of the results are reported (LEITE et al., 2004) .
Data analysis
Data were statistically analyzed with the mathematical model of Ostwalt-de Waelle (STEFFE, 1996; BARNES, 2000) , also known as the Power Law. The power law model is widely used to the rheological study of biological materials, in particular fluid systems found in food industry, such as natural and processed fruit pulp (ASTOLFI-FILHO et al., 2011) τ -shear stress, Pa; γ -strain rate, s -1 ; k -consistency index of the fluid, Pa s n ; n -behavior index of the fluid.
The viscosity is defined as the ratio between the shear stress and the strain rate (COSTA et al., 2005) , which, in this case, is called apparent viscosity:
In which: η -apparent viscosity of the fluid, Pa.s.
The analyses of variance (ANOVA) were performed and the significances of regression were tested at 1% level by F test.
RESULTS AND DISCUSSION
The results of the shear stress as a function of strain rate (rheograms) obtained for cultures of Chlorella sp. BR001 (concentration range of dry biomass from 0g L -1 to 0.788g L -1 ) and Scenedesmus sp. BR003 (concentration range of dry biomass from 0g L -1 to 1.352g L -1 ) are shown in Figures 1 and 2 , respectively. The increase of shear stress as a function of strain rate may be seen in Figures 1 and 2 . We verified that for Scenedesmus sp. BR003 there were slight differences in the values of shear stress in relation to the different biomass concentrations, while for Chlorella sp. BR001, the increase in shear stress due to high biomass concentration was more evident. The curves of apparent viscosity as a function of strain rate, obtained for the cultures of Chlorella sp. BR001 and Scenedesmus sp. BR003, in various concentrations, are shown in Figures 3 and 4 , respectively. According to Barnes (2000) , the increase of the viscosity of a suspension due to the increase of concentration of the dispersed phase and, consequently, the increase in shear stress, is a result of increased irreversible dissipation of mechanical energy because of the divergence of the streamlines on the flow around the particles. Regarding the culture of Scenedesmus sp. BR003 (Figure 5a) , it was observed in Figure 4 little difference on the values of apparent viscosity with regard to different concentrations of dry biomass. Different from the Chlorella sp. BR001 strain (Figure 5b ), the shape of this microalga may contribute to an alignment of the particles in the flow, reducing the dissipative effects of fluid mechanical energy, which may explain the small variation in rheological behavior before the increase of biomass in the studied range. It is verified in Figure 3 that the cultures of Chlorella sp. BR001 may present apparent viscosity values of up to 6 times the water value at the same temperature (0.89 mPa s at 25°C; FOX et al., 2010) , while cultures of Scenedesmus sp. BR003 may present apparent viscosity values of up to 5.5 times the water viscosity value at the same temperature. The parameters of the Power Law rheological model data adjusted to the data are shown in Tables 1 and 2 , along with the standard error values associated with the coefficients and the F values of the analysis of variance (ANOVA). It is observed that all the values of F calculated resulting of ANOVA, shown in Tables 1 and 2 are higher than the value of F tabulated. Thus, it can be stated that the regression equations significantly explain the variation of shear stress as a function of strain rate, according to the proposed model, at the significance level of 1%. For the cultures of Chlorella sp. BR001, values of behavior index n determined indicate a non-Newtonian behavior, with characteristics of pseudoplastic fluid within the range of values used for the strain rate and the concentration of dry biomass. The nonNewtonian behavior is very common in fluids containing biological material, such as pulps (VANDRESEN et al., 2009 ), plant extracts (LEITE et al., 2004 and thickening gums of bacterial origin (SIKORA et al., 2008) . For the culture of Scenedesmus sp. BR003, in the studied concentration ranges and strain rate, values of determined behavior index n indicate dilatant behavior. According to BARNES (2000) , the dilatant behavior on suspensions may be attributed to the rupture of structures formed during the flow from a certain value of strain rate. However, as the values of determined n are very close to the unit, under the studied conditions, the cultures of Scenedesmus sp. BR003 may also be treated as a Newtonian fluid.
CONCLUSIONS
The Power Law model provided a proper adjustment of the experimental data. The rheological behaviors of the cultures of Chlorella sp. BR001 were non-Newtonian and with pseudoplastic characteristics, in the concentration range of dry biomass from 0 to 0.788g L -1 . The cultures of Scenedesmus sp. BR003 showed characteristics of dilatant fluid, however, the deviations of the Newtonian behavior observed were small, in the concentration range of dry biomass from 0 to 1.352g L -1 .
